Introduction
============

Idiopathic pulmonary fibrosis (IPF) is the most common fibrosing interstitial lung disease with a characteristics of the histopathological pattern of usual interstitial pneumonia; IPF has a median survival time of three to four years [@B1], [@B2]. IPF is an important and devastating lung disease with a prevalence of 2-29/100,000 persons and an incidence of approximately 10/100,000 persons per year, and its incidence continues to rise [@B3]. Drug-induced interstitial lung disease (ILD), particularly pulmonary fibrosis, is a serious clinical concern. It has been suggested that myofibroblasts play a major role in the onset and development of ILD, and it was recently revealed that some of these myofibroblasts were derived from lung epithelial cells through the epithelial-mesenchymal transition (EMT) [@B4]. Another hypothesis suggests that impaired re-epithelialization, following lung injury, triggers the process of pulmonary fibrosis. However, the mechanism for the impaired re-epithelialization in pulmonary fibrosis is not well understood.

Exposure to the cytotoxic agent bleomycin (BLM) can be harmful due to the induction of potentially fatal pulmonary toxicity, so called bleomycin-induced pneumonitis (BIP) that can progress to lung fibrosis. [@B5]. The pathogenesis of BIP has been extensively studied in animals [@B6], and BLM-induced pulmonary fibrosis in rodents has often been used as a model for the investigation of human pulmonary fibrosis [@B7], [@B8]. Bleomycin-induced apoptosis of epithelial and non-epithelial cells plays an important role in pulmonary fibrogenesis [@B5]. However, whether the EMT is truly involved in BLM-induced lung fibrogenesis remains unclear.

Transforming growth factor (TGF)-β is one of the central mediators in the process of collagen production by fibroblasts, as has been shown by a study in animals [@B9]. TGF-β [@B10] is known to be the main cytokine involved in the pathogenesis of IPF that induces EMT in the human alveolar epithelial cell line A549 [@B11]. It has been suggested that targeting TGF-β/Smad signaling pathway is an important approach to the prevention and treatment of bleomycin-induced pulmonary fibrosis in rats [@B12]. Interestingly, we detected significantly higher TGF-β1 expression in BLM-treated cell culture supernatants of A549 cells than that in normal control cells.

In this study, we validated the selected biomarkers of the EMT in BLM-treated A549 cells, and showed that BLM could activate the EMT with the involvement of the Smad2/3 signaling pathway.

Materials and Methods
=====================

Cell culture
------------

The cell line A549 was purchased from the Shanghai Institute of Cell Biology, China. A549 cells were grown in DMEM containing 1.5 mg/ml of sodium bicarbonate (ATCC, Manassas, VA) and 10% calf serum (N-10) in a 5% CO2 incubator. Cells were seeded at 0.7 × 10^5^cells per well in six-well plates, and the medium was replaced with 2 ml serum-free medium with or without 20 μg/mL BLM for 48 h.

RT-PCR
------

Total RNA was purified using the E.Z.N.A.^TM^ Total RNA Kit Ⅱ (OMEGA, CA, U.S.A.). The complementary DNA was obtained from 500 ng/g of total RNA using the Superscript^TM^ III First-Strand Synthesis system and Platinum PCR SuperMix (Invitrogen Carlsbad, CA, U.S.A.). The sequences of the primers used in this study are shown in Table [1](#T1){ref-type="table"}.

Antibodies and immunoblotting
-----------------------------

Cell lysates were collected and fractionated by sodium docecylsulfate-polyacrylamide gel electrophoresis, transferred to a polyvinylidene difluoride membrane, and probed using rabbit polyclonal anti-E-cadherin antibody (1:1000; Abcam), mouse monoclonal anti-vimentin antibody (1:1000; Abcam), and rabbit polyclonal anti-actin antibody (1:5000; Abcam). The primary antibodies were detected using a horseradish peroxidase (HRP)-conjugated antibody, which was visualized by enhanced chemiluminescence (SuperSignal®, West Pico Chemiluminescent Substrate, USA).

ELISA
-----

The ELISA kits for measuring TGF-β1 were all purchased from Abcam® (Human: ab100647; mouse: ab119557). All reagents, samples, and standards were prepared following the manufacturer\'s instructions. In brief, the standards or samples were added to each well. Following the incubation, the plate was washed, and then biotin-conjugated anti-mouse TGF beta 1 antibody was added to the appropriate wells. The plate was then incubated and washed, and then prepared streptavidin HRP conjugate was added to the appropriate wells. The plate was incubated at room temperature, washed, and then TMB substrate was added to each well. Finally, stop solution was added to each well. Plates were read at 450 nm immediately.

Immunofluorescence assay
------------------------

Briefly, cells for the immunofluorescence assay were seeded onto 22-mm round cover slips (Thermo Fisher Scientific) and treated with BLM or TGF-β for 48 h. Then, the cells were washed with PBS for 5 min, fixed in ice-cold 4% paraformaldehyde for 15 min, and permeabilized with 1% Triton X-100 in PBS for 15 min. Following the blocking with 10% goat serum in PBS for 2 h at room temperature, the cells were incubated with primary antibodies overnight at 4℃ and fluorescent secondary antibodies for 1 h at room temperature. The cell nuclei were stained with 10 µM DAPI for 5 min. The fluorescent images were obtained using a fluorescence microscope (OLYMPUS BX50). The rabbit polyclonal anti-E-cadherin antibody (1:1000; Abcam) and the mouse monoclonal anti-vimentin antibody (1:1000; Abcam) were used as primary antibodies. The Alexa Fluor® 488 goat anti-mouse IgG (H+L) antibody and the Alexa Fluor® 594 goat anti-rabbit IgG (H+L) antibody were used as secondary antibodies.

Statistical analysis
--------------------

The data are expressed as the mean ± standard deviation (SD), from three independent experiments. Statistical analyses were performed by two-tailed Student\'s t test. P values less than 0.05 were considered statistically significant.

Results
=======

Changes in cell morphology and expression of EMT-related markers
----------------------------------------------------------------

To detect whether bleomycin (BLM) induces EMT in vitro, we first determined the concentrations of BLM and TGF-β1 required for the induction of EMT in cultured A549 cells. Changes in cell morphology were assessed under phase contrast light microscopy (Fig. [1](#F1){ref-type="fig"}). The cells were changed to more fibroblast-like cells after treatment with 20 μg/mL BLM for 4 days in serum-free medium (Fig. [1](#F1){ref-type="fig"} A). Then, we changed the treatment time to 48 h, and TGF-β1 (5 ng/mL) was added based on the study by Ju Hee Kim [@B13]. The control group of A549 cells maintained the classic cobblestone epithelial morphology and growth pattern; however, after treatment with 20 μg/mL BLM for 4 days, loss of E-cadherin and reorganization of vimentin from the epithelial cells to fibroblastic stress fibers were observed by RT-PCR (Fig. [2](#F2){ref-type="fig"} A). Table [2](#T2){ref-type="table"} shows the changes in area (μm^2^), perimeter (μm), and roundness of A549 cells after incubation with BLM at various concentrations in serum-free medium for 24 h or 48 h.

TGF-β1 level is markedly increased in BLM-treated A549 cell culture supernatants
--------------------------------------------------------------------------------

After the observation of EMT in A549 cells in the presence of BLM, ELISA was performed and the results demonstrated that the concentration of TGF-β1 in BLM-treated A549 cell culture supernatants at various concentrations for 48 h was higher than that in the normal control. Of note, there was a significant increase in the level of TGF-β1 in the 20 μg/mL treatment group (\*\*P≤0.01) (Fig. [4](#F4){ref-type="fig"}). These results suggest that TGF-β1 could be a mediator of BLM-induced EMT in A549 cells.

Inhibition of TGF-β1 inhibits the EMT
-------------------------------------

To further examine the role of TGF-β1in BLM-induced EMT, the TGF-β1 inhibitor (SB525334) was added to the cells prior to the drug treatment. The cells were then incubated with SB525334 for 1 h and then maintained in fresh serum-free medium with BLM or TGF-β1 for 48 h. Immunofluorescence analysis showed that the loss of E-cadherin and the reorganization of vimentin in A549 cells were partially inhibited (Fig. [3](#F3){ref-type="fig"} A). The cells were changed to less fibroblast-like cells after treatment with BLM or TGF-β1 for short lengths of time, while the cells appeared normal when co-incubated with the TGF-β1/Smad inhibitor (Fig. [1](#F1){ref-type="fig"} B). Analysis by Western blotting assay revealed the same results (Fig. [3](#F3){ref-type="fig"} B, C).

BLM induces alternative splicing of FGFR2
-----------------------------------------

FGFR2 splice variants contain IIIb and IIIc, which are specifically expressed in epithelial cells or mesenchymal cells, respectively, and play a key role in the EMT. To determine whether BLM induces splicing of FGFR2 during the EMT in A549 cells in vitro, total RNA from A549 cells was purified and RT-PCR was performed. Then, the products of FGFR2 fragments were digested by Ava I or Hinc II, and the result revealed differences between the control group and the treated groups (Fig. [2](#F2){ref-type="fig"} B). The change in FGFR2 splice variants suggested that the EMT of A549 cells might occur after BLM treatment.

The Smad2/3 signaling pathway may participate in the BLM-induced EMT of A549 cells
----------------------------------------------------------------------------------

To determine whether the Smad2/3 signaling pathway plays an important role in the EMT induced by BLM, we measured the expression levels of Smad2/3, P-Smad2/3, and α-SMA. Our results showed that BLM activated the Smad2/3 signaling pathway (Fig. [5](#F5){ref-type="fig"} A). After BLM treatment, the expression of phosphorylated Smad2/3 was significantly increased, and this led to the up-regulation of α-SMA expression (Fig. [5](#F5){ref-type="fig"} C, D) (\*P≤0.05, \*\*P≤0.01).

Disscussion
===========

The generation of fibroblastic foci in the lungs of patients with idiopathic pulmonary fibrosis (IPF) is the characteristics of pulmonary fibrosis [@B14]. The fibrosis of lung cells can originate from the following paths: the transformation of intrinsic fibroblasts and the differentiation of initial cells. The more important path is the EMT [@B15]. The injury and repair process of the epithelia is likely pivotal in the path mechanism of pulmonary fibrosis, and inadequate repair and injury of alveolar epithelial cells can induce the pathological process of pulmonary interstitial fibrosis [@B16]. Studies have shown that the EMT in alveolar epithelial cells provides a critical source of fibroblasts [@B17]. The EMT is a process in which fully differentiated epithelial cells undergo phenotypic transition to fully differentiated mesenchymal cells, often myofibroblasts and fibroblasts [@B18]. The biomarkers of epithelial cell transdifferentiation include disappearance of cell polarity, loss of expression of the epithelial marker E-cadherin, increased expression of α-SMA and vimentin, and an elongated shape [@B19]. Studies have indicated that transforming growth factor1 (TGF-β1) plays an important role in the EMT [@B20]. In the study of numerous pulmonary fibrosis models, the most common and successful model was bleomycin-induced pulmonary fibrosis [@B21]. However, the specific mechanism for the EMT in pulmonary fibrosis and bleomycin-induced pulmonary fibrosis were uncertain or undetermined in current reports.

TGF-β1 is a multifunction cytokine that plays a pivotal role in the EMT and has been implicated as a "master switch" in the induction of fibrosis in the lungs. It is involved in the regulation of processes such as tissue morphogenesis and differentiation through effects on cell differentiation, apoptosis, proliferation, and extracellular matrix production [@B20]. In pulmonary fibrosis, TGF-β1 has been regarded as the most important factor. Previous studies showed that increased expression levels of α-SMA and vimentin were found in primary type Ⅱ alveolar epithelial cells treated with TGF-β1, while biomarkers of epithelial cells such as E-cadherin and cytokeratin were down-regulated, and the cell shape became elongated [@B22]. In addition, reports showed that TGF-β1 can directly induce the EMT in alveolar epithelial cells [@B20], A549 cells [@B13], and bronchial epithelial cells [@B23].

The FGFR2 splice variant may participate in the EMT in A549 cells induced by BLM. Moreover, the alternative splicing events of FGFR2 are also critical in the EMT. The spliceosomes of FGFR2 contain two types: one is KGFR (FGFR2-Ⅲb) Ⅲa/Ⅲb, which is encoded by exons 7 and 8 and found in epithelial cells, while the other is BEK (FGFR2-Ⅲc) Ⅲa/Ⅲc, which is encoded by exons 7 and 9 and found in mesenchymal cells. FGFR2 alternative splicing plays a crucial role in various diseases such as in the growth and development of tissue or tumor fibrosis [@B24]. The previous studies have shown that the alteration of FGFR2-Ⅲc to FGFR2-Ⅲb can induce the transformation of mesenchymal cells to epithelial cells, and the expression of FGFR2-Ⅲb can be decreased during the process of EMT which is induced by TGF-β1 [@B25], [@B26].

The induction mechanism of TGF-β in the EMT is primarily due to two signaling pathways. The first is the β-integrin signal transduction pathway (also referred to as the Smads signaling pathway), in which TGF-β binds to the subtype (TGF-β type I and type II) as a ligand and becomes a complex, which leads to the activation of Smad2 and Smad3. The phosphorylated Smad2 and Smad3 compounds then form trimers with Smad4, followed by translocation into the nucleus, where they associate and cooperate with DNA binding transcription factors to regulate the transcription of target genes [@B27]. The second is the non-Smad signaling pathway, which includes activation of Ras and MAP kinases, Rho-like GTPases, and PI3 kinase/Akt. The relevant receptor kinases were activated by TGF-β and followed a series of responses involving the regulation of distinct processes, such as cell growth, survival, migration or invasion, and cytoskeletal organization [@B18], [@B23]. In the Smad signaling pathway, the pivotal roles of Smad2 and Smad3 were regulating the transcription of predominantly TGF-β target genes. In *Smad3*knockout mice, TGF-β fails to induce the EMT and key transcriptional factors, metastasis of epithelial cells and pulmonary fibrosis are attenuated [@B28], [@B29]. Increased EMT was observed in a mammary epithelial model over-expressing Smad2 and Smad3 [@B27].

According to the results, alternative splicing of FGFR2 in A549 cells can be induced by BLM (Fig. [2](#F2){ref-type="fig"}). Along with attenuation of E-cadherin and increasing vimentin and α-SMA, the decapentaplegic P-Smad2/3 was activated. All of the results are in accordance with the EMT biomarkers described in previous studies. The 20 µg/mL BLM treatment had the most significant effect.

In this study, among the A549 cells that were treated with different concentrations of BLM for 4 days, the group treated with 20 µg/mL BLM had higher TGF-β1 levels than the control group (Fig. [4](#F4){ref-type="fig"}). The BLM-treated cells showed attenuated cell junctions, and the cobblestone-like cell morphology changed to a spindle or fusiform shape, leading to fibrosis compared with the control groups (Fig. [1](#F1){ref-type="fig"}, Table [2](#T2){ref-type="table"}). The results described above indicated that the optimal concentration of BLM that led to fibrosis in A549 cells was approximately 20 µg/mL, which generated approximately 1 ng/mL of TGF-β1, similar to Kasai\'s study [@B11]. The optimal concentration treated with TGF-β1 directly was 5 ng/mL [@B13], which may be because the cells treated with BLM generated cytokines other than TGF-β1 that promote the EMT.

As described previously, the signal transduction pathway including Smad2/3 and Snail was involved in the mechanism of the EMT that was induced by TGF-β1 in vitro. In this study, we examined the TGF-β/Smad signaling pathway in the EMT using a TGF-β1/Smad inhibitor. The results showed that, in all of the groups (BLM and control), better suppression of the EMT process was observed in the A549 cells that contained the TGF-β1 inhibitor. Additionally, compared with the other groups, the cells in this group showed compact connections, insignificant changes in morphology (Fig. [1](#F1){ref-type="fig"}, Table [2](#T2){ref-type="table"}), higher expression of E-cadherin and lower expression of vimentin (Fig. [3](#F3){ref-type="fig"}). Western blotting indicated that, in the Smad pathway, the expression of P-Smad2/3, as well as the expression of α-SMA, in BLM-treated cells was significantly higher than that of the control group (Fig. [5](#F5){ref-type="fig"}). The results described above revealed that the TGF-β1/Smad inhibitor can inhibit the EMT to some extent and that BLM can activate the Smad pathway. Therefore, BLM induced the EMT of A549 through the Smad pathway.

Conclusion
==========

In summary, BLM can induce the EMT in A549, and this is related to the generated TGF-β1 concentration. The results in this study indicated that the optimal concentration of TGF-β1 that could induce the EMT of A549 was approximately 1 ng/mL, and the TGF-β1/Smad inhibitor can attenuate the EMT process. All of the results illustrated that BLM can induced the EMT of A549 via the TGF-β1/Smad signaling pathway. This may provide a basis for the theoretical foundation of the attenuation of the EMT by inhibiting the Smad signaling pathway and may provide an important basis for pulmonary fibrosis treatment.
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![The morphology of the cells was changed after BLM or TGF-β1 treatment. (A) Cells became more fibroblast-like after incubation with 20 μg/mL BLM for 4 days (200×). (B) Cells were less fibroblast-like after treatment for a shorter duration of time, approximately 48 h, and were normal when cocultured with the inhibitor (40×).](jcav07p1557g001){#F1}

![Expression levels of EMT-related markers and the FGFR2 splice variant analysis after BLM treatment. (A) A549 cells were incubated with BLM at various concentrations for 4 days. RT-PCR was used to detect the expression of the epithelial marker E-cadherin and the mesenchymal marker vimentin. E-cadherin disappeared after treatment with 20 μg/mL or 50 μg/mL BLM. (B) RT-PCR products were digested with AvaI \[A\] or HincII \[H\], which specifically cut exon IIIb- and exon IIIc-containing products, respectively. \[U\] Indicates undigested PCR products; \[M\] DL2000.](jcav07p1557g002){#F2}

![Expression levels of EMT-related markers in cultured A549 cells. Cells in serum-free medium were treated with BLM or TGF-β1, respectively, for 48 h. The TGF-β inhibitor (SB525334) was used (+) 1 h prior to the drugs, then fresh serum-free medium was added to the cells. (A) Immunofluorescence analysis of EMT-related cell markers (200×). Red fluorescence indicates the epithelial marker E-cadherin, while green fluorescence indicates the mesenchymal marker vimentin. Cell nuclei are indicated in blue with DAPI. Our results show attenuated EMT that was induced by BLM when the cells were cocultured with the TGF-β inhibitor. (B) Western blot analysis of EMT-related cell markers. β-actin was used as a loading control. (C) Quantitative analysis of E-cadherin and vimentin expression in A549 cells under the indicated treatment. The experiments were performed three times, and the mean values ± SD are presented. (\*P≤0.05).](jcav07p1557g003){#F3}

![The TGF-β1 level in BLM-treated A549 culture supernatants were significant higher than that in the normal control. A549 cells were incubated with BLM at various concentrations in serum-free medium for 48 h. Then, the culture supernatants were collected, and the concentrations of TGF-β1 were determined using an ELISA kit. The 20 µg/mL BLM treatment had the most significant effect. The experiments were performed three times, and the mean values ± SD are presented. (\*P≤0.05), (\*\*P≤0.01).](jcav07p1557g004){#F4}

![BLM activates the Smad2/3 signaling pathway, which participates in the regulation of α-SMA expression. A549 cells were treated with BLM for 48 h in serum-free medium. (A) Western blot analysis of Smad2/3, P-Smad2/3, and α-SMA expression in A549 cells. Representative blots showing the up-regulation of P-Smad2/3 and α-SMA expression. β-actin was used as a loading control. (B, C) Quantitative analysis of P-Smad2/3 and α-SMA expression in A549 cells under the indicated treatment. The experiments were performed three times, and the mean values ± SD are presented. (\*P≤0.05), (\*\*P≤0.01).](jcav07p1557g005){#F5}

###### 

Primers used in this study. (Invitrogen).

  E-cadherin                                   Fw: 5\' ACG CCT GGG ACT CCA CCT A 3\'
  -------------------------------------------- ---------------------------------------------
  Rv: 5\' CCT TGC CTT CTT TGT CTT TGT T 3\'    
  Vimentin                                     Fw: 5\' TGA CCG CTT CGC CAA CTA 3\'
  Rv: 5\' CCC GCA TCT CCT CCT CGT A 3\'        
  GAPDH                                        Fw: 5\' GGT CGG AGT CAA CGG ATT TGG TCG 3\'
  Rv: 5\' CCT CCG ACG CCT GCT TCA CCA C 3\'    
  FGFR2                                        Fw: 5\' TGG ATC AAG CAC GTG GAA AAG A 3\'
  Rv: 5\' GGC GAT TAA GAA GAC CCC TAT GC 3\'   

###### 

Morphology changing of A549 cells after incubating with BLM at various concentrations in serum-free medium for 24 h or 48 h. Every cell saple chose six images in same scale. (200×) SPOT software was used to measure about 20 cells per image randomly. And the mean values ± SD are presented. (\*P≤0.05), (\*\*P≤0.01).

  Sample       Time                Area (μm^2^)        Perimeter (μm)     Roundness        
  ------------ ------------------- ------------------- ------------------ ---------------- -----------
  Control      24h                 112.56±26.15        187.91±32.66       0.65±0.12        
  48h          106.64±24.75        182.21±9.68         0.64±0.12                           
  BLM(μg/mL)   10                  24h                 184.71±28.97\*     237.26±27.76\*   0.66±0.11
  48h          275.85±65.18\*\*    333.84±59.77\*\*    0.51±0.13\*                         
  20           24h                 197.37±46.71\*      261.45±36.62\*     0.58±0.09\*      
  48h          219.94±58.99\*\*    338.61±78.58\*\*    0.41±0.12\*\*                       
  50           24h                 225.96±72.42\*      280.46±57.39\*\*   0.58±0.12        
  48h          502.53±137.14\*\*   556.53±109.51\*\*   0.33±0.12\*\*                       
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